Abstract Rho-kinase (ROCK) belongs to the AGC (protein kinase A/protein kinase G/protein kinase C, PKA/PKG/ PKC) family of serine/threonine kinases and is a major downstream effector of small GTPase RhoA. Rho-kinase is involved in a wide range of fundamental cellular functions such as contraction, adhesion, migration, and proliferation. Two ROCK isoforms, ROCK1 and ROCK2, are assumed to be functionally redundant, based largely on the major common activators, the high degree of homology within the kinase domain, and studies from overexpression with kinase constructs and chemical inhibitors (e.g., Y27632 and fasudil), which inhibit both ROCK1 and ROCK2. Gene targeting and RNA interference approaches allow further dissection of distinct cellular, physiologic, and pathophysiologic functions of the two ROCK isoforms. This review focuses on the current understanding of ROCK isoform biology, with a particular emphasis on their functions in mouse development and the pathogenesis of heart failure.
Common and Selective Interaction Partners of ROCK
Early ROCK studies support the paradigm that both ROCK isoforms are functionally redundant. Findings show that ROCK has autoinhibitory activity [2] . In the inactive form, the carboxyl terminal pleckstrin-homology domain and the RBD of ROCK interact with the kinase domain, forming an autoinhibitory loop. The RBD located in the coiled-coil domain interacts only with activated Rho GTPases including RhoA, RhoB, and RhoC [21] . The pleckstrin-homology domain is believed to interact with lipid mediators such as arachidonic acid [18] and sphingosylphosphorylcholine [18, 20, 66] and may also participate in protein localization [10, 32, 78] . RhoA and lipid mediators are common activators of both isoforms. Both isoforms phosphorylate the same major downstream substrates such as the myosinbinding subunit of myosin light chain phosphatase (MYPT1) [3, 33, 34] , myosin light chain (MLC) [3, 36] , LIM kinases [41, 50, 68] , ezrin/radixin/moesin (ERM) [43] , adducin [22] , thereby modulating actin cytoskeleton organization, stress fiber formation, and cell contraction.
More than 20 ROCK substrates have been identified (see reviews in refs [4] and [61] ). The majority of ROCK substrates have been identified from cell culture experiments. In most cases, only one ROCK isoform (more generally ROCK2) has been tested. Because ROCK1 and ROCK2 share 92% identity in the kinase domain, it is assumed that they share the same substrates.
A growing body of evidence indicates that both ROCK isoforms can have distinct interaction partners (regulators or substrates) in individual cell types and in turn can have distinct nonredundant functions. Caspase 3 cleaves ROCK1 at the cleavage site DETD1113 during apoptosis [11, 60] . This consensus sequence for caspase 3 cleavage is conserved in human, rat, and mouse but is not present in ROCK2.
On the other hand, during cytotoxic lymphocyte granule-induced cell death, human ROCK2 can be cleaved by the proapoptotic protease granzyme B at the IGLD1131 site, but this site is not present in ROCK1 [59] . The small GTP-binding protein RhoE interacts with the N-terminal region of ROCK1 (amino acids 1 to 420) but not ROCK2, and prevents Rho binding to RBD [55, 56] . By blocking RhoE association to ROCK1 in cancer cells, PDK1-kinase promotes ROCK1 (but not ROCK2), membrane localization, and activation [53] . In vascular smooth muscle cells, both ROCK isoforms modulate MYPT1 activity, but only ROCK2 binds directly to and phosphorylates MYPT1 [74] .
Recent studies with an individual knockdown of ROCK1 and ROCK2 using short interfering RNA (siRNA)-based gene silencing or a genetic approach have shown that these two isoforms have nonredundant in vitro functions in fibroblasts [47, 78, 79] , smooth muscle cells [74] , endothelial cells [8, 45, 64] , keratinocytes [39] , and cancer cells [29] . Their functional differences could be explained by the fact that both isoforms are expressed at different levels or have different interaction partners in individual cell types. Their in vivo functional similarity and differences have been shown by mouse genetic studies during development and under pathologic conditions that this review highlights.
ROCK in Mouse Development
Both ROCK1 and ROCK2 are ubiquitously expressed in mouse embryos. However, they have distinct preferential expression patterns. In early mouse embryos (at stages E7.5 to E9.5), whole-mount in situ hybridization showed that ROCK1 is highly enriched in developing hearts, and ROCK2 is ubiquitously expressed [75] . In ROCK1-knockout (ROCK1 -/-) embryos, which contain a knockin lacZ reporter gene, LacZ staining was detected in many locations throughout the embryo (E13.5 to E15.5) including the skin, heart, aorta, umbilical blood vessels, and dorsal root ganglia [65] . In ROCK2-knockout (ROCK2 -/-) embryos with a knockin lacZ reporter gene, LacZ staining also was observed in many locations throughout the embryo (E13.5) including the heart, liver, umbilical blood vessels, and dorsal root ganglions. In addition, ROCK2 was highly expressed in the labyrinth layer of the placenta [69] .
Data from our laboratory and others have shown that the genetic background affects the developmental phenotypes of ROCK1
-/-mice [57, 65, 81] (Table 1 ). The ROCK1
-/-mice with a C57BL/6 genetic background were born at expected Mendellian ratios but exhibited eyelids open at birth (EOB) and an omphalocele phenotype due to disorganization of actin filaments in the epithelial cells of the eyelids and of the umbilical ring [65] . The majority of ROCK1 -/-mice ([90%) die soon after birth due to an omphalocele, with organs such as liver and gut protruding from the peritoneal cavity. However, EOB and omphalocele were not observed in ROCK1 -/-mice with an FVB background, but the ratio of ROCK1 -/-mice was sub-Mendellian because 60% died in utero before E9.5 [81] . The 40% survival rate was maintained for ROCK1 -/-mice from E9.5 to adult stages, suggesting that ROCK1 acts on an early stage of embryonic development before organogenesis (before E9.5) in the FVB background.
To rule out the possibility that differences in targeting vector may contribute to the different phenotypes of ROCK1 -/-mice generated by different laboratories [57, 65, 81] , we backcrossed the ROCK1 -/-mice from FVB into a C57BL/6 background for 10 generations. As expected, these ROCK1
-/-mice with the C57BL/6 background exhibited EOB and omphalocele. Their survival rate at weaning age significantly dropped to less than 4% (Table 1) . Thus, genetic background affects EOB and omphalocele in ROCK1
-/-mice. The developmental phenotypes of ROCK2 -/-mice also depend on the genetic background. Findings show that ROCK2
-/-mice with a mixed genetic background between 129/SvJ and C57BL/6 are embryonically lethal because of placental dysfunction from thrombus formation in the labyrinth layer of the placenta and have intrauterine growth retardation [69] . When these ROCK2
-/-mice were backcrossed into a C57BL/6 genetic background, they exhibited not only the placental phenotype but also the EOB and omphalocele phenotype [70] , indicating that genetic background affects the EOB and omphalocele phenotype in ROCK2 -/-mice. In addition, when these ROCK2 -/-mice were backcrossed into an outbred strain background, CD1 (C57BL/6xDba), they were born at close to Mendelian ratios, and most survived to adulthood [17] . High survival rates for ROCK2
-/-mice with a CD1 background also were reported by another independent study (Table 1 ) [82] .
The shared EOB and omphalocele phenotypes in ROCK1
-/-and ROCK2 -/-mice with a C57BL/6 genetic background indicate that they act together to regulate the assembly of actin bundles essential for closure of the eyelid and the ventricular body wall in mouse embryos. A common characteristic of ROCK1
-/-and ROCK2 -/-mice, regardless of their genetic background, is that they develop normally and are apparently healthy and fertile after surviving their intrauterine and perinatal period [57, 65, 69, 81] , suggesting that each isoform is able to compensate functionally for the loss of the other during embryogenesis.
In addition, no compensatory upregulation of the ROCK1 expression exists in ROCK2 -/-mice or vice versa. Together, these genetic studies using ROCK1
-/-and ROCK2 -/-mice provide significant insights into the biologic functions of ROCK1 and ROCK2 isoforms, which appear to be largely redundant during development.
ROCK in Pathologic Cardiac Hypertrophy and Heart Failure
Both ROCK1 and ROCK2 are ubiquitously expressed across human, rat, and mouse tissues including vasculature and heart [30, 38, 46, 77] . Their expression, activation, or both can be subjected to distinct regulation under pathologic conditions in the heart. During pressure overloadinduced cardiac hypertrophy [81] and failing hearts due to transgenic Gaq overexpression and pregnancy stress [63] , ROCK1 mRNA and protein levels were increased and associated with increased ezrin/radixin/moesin phosphorylation, whereas ROCK2 expression levels remained unaltered. In addition, ROCK1 was found to be cleaved in failing human hearts, most likely via activated caspase 3, leading to ROCK1 activation by removal of the C-terminal autoinhibitory domain [9] . Studies using pharmacologic inhibitors Y27632 and fasudil suggest an in vivo role for ROCK in the pathogenesis of cardiac hypertrophy and remodeling [23, 26, 28, 35, 52, 58, 80] . However, as mentioned earlier, these inhibitors do not distinguish between ROCK1 and ROCK2 [71] . Studies have used ROCK1 -/-mice with an FVB background to examine how this kinase contributes to pathologic cardiac hypertrophy and remodeling. Using several disease models that mimic chronic high blood pressure, partial or full ROCK1 deletion did not block the development of cardiomyocyte hypertrophy [57, 62, 63, 81] . Although ROCK1 is not required for the development of cardiac hypertrophy, ROCK1 deletion significantly reduces a number of structural and functional alterations attributable to pathologic hypertrophic remodeling including cardiac fibrosis [57, 81] , cardiomyocyte apoptosis [9, 63] , left ventricular dilation, and contractile dysfunction [62, 63] .
The long-term impact of ROCK1 deficiency on the progression of heart failure was highlighted in a murine congestive heart failure model [63] . Transgenic mice with cardiac-restricted overexpression of Gaq experienced lethal cardiomyopathy after pregnancy or at old age [1] . Deletion of ROCK1 completely abolished animal death and preserved cardiac function in peripartum or 1-year-old Gaq mice [63] . On the other hand, transgenic cardiac-restricted overexpression of ROCK1 accelerated progression to heart failure in Gaq hearts in the absence of stress accompanied by increased cardiac fibrosis and cardiomyocyte apoptosis [63] . Together, these studies provide in vivo evidence for an important role of ROCK1 in hypertrophic decompensation.
The cellular and molecular mechanisms underlying the fibrotic role of ROCK1 in hypertrophic decompensation remain to be defined. The reduced fibrosis in ROCK1-deficient mice may be due to reduced induction of fibrogenic cytokines such as transforming growth factor-beta 2 (TGF-b2) and connective tissue growth factor (CTGF) released from cardiomyocytes in response to pathologic stimuli [81] . Alternatively, ROCK1 may mediate cardiac fibrosis by regulating cardiac fibroblast differentiation and activation. Clearly, ROCK1 is involved in monocytic fibroblast precursor cell differentiation because ROCK1 deletion resulted in markedly lower numbers of myofibroblasts and monocytic fibroblast precursors in a murine ischemic/reperfusion cardiomyopathy model [27] .
According to a recent study, ROCK1 may regulate myocardin-related transcription factor A (MRTF-A)-mediated myofibroblast activation because the findings showed that TGF-b1 induced nuclear accumulation of MRTF-A in a ROCK-dependent manner in cardiac fibroblasts, leading to the activation of serum response factor and collagen synthesis [67] . Further studies with cell-type-specific deletion of ROCK1 will help to examine the contribution of different cell types to ROCK1-mediated fibrosis.
How ROCK1 contributes to cardiomyocyte apoptosis is another important question raised by in vivo studies mentioned earlier. The anti-apoptotic effects of ROCK1 deletion in hypertrophic hearts were found to be associated with enhanced extracellular signal-regulated kinase/ mitogen-activated protein kinase (ERK/MAPK) and/or Akt activation [9, 63] , suggesting a role for ROCK1 in modulating the activity of these survival pathways under pathologic conditions. Both the pro-apoptotic and anti-apoptotic roles of ROCK have been extensively reported in a variety of in vitro and in vivo studies. But how the basic components of the apoptotic machinery are regulated by ROCK is not completely understood in many instances and likely differs depending on the cell type and the apoptotic stimulus [61] . In cultured cardiomyocytes, acute activation of RhoA/ROCK (\24 h) inhibited apoptosis through the focal adhesion kinase (FAK)/PI3K/Akt survival pathway, whereas more sustained activation of Rho/ROCK (48-72 h) induced apoptosis through activation of the p53/Bax-mediated mitochondrial death pathway [14, 15] . Clearly, more studies are needed for an understanding of the molecular mechanisms through which chronic ROCK1 deletion inhibits apoptosis in hypertrophic hearts.
The preventive effects of ROCK1 deletion on contractile dysfunction in hypertrophic hearts can be attributed to reduced remodeling events including fibrosis, apoptosis, and chamber dilation. In addition, rescuing the expression of types 5 and 6 adenylyl cyclases (AC5/6) by ROCK1 deletion also may contribute to the improved b-adrenergic receptor signaling and preserved contractile function in the Gaq transgenic model of dilated cardiomyopathy [62, 63] .
Most of the studies using ROCK inhibitors address the involvement of ROCK in cardiac hypertrophy and remodeling, but the role of ROCK in cardiac contraction still is not clear. Opposite mechanisms have been proposed. On the one hand, ROCK is reported to mediate a1-adregergic receptor agonist-stimulated contraction in hearts through the MYPT/ MLC pathway (similar to smooth muscle cells) [13, 24, 54] . On the other hand, phosphorylation of cardiac troponin I/T by ROCK resulted in impaired contraction [72] .
The studies with ROCK1-deficient mice have shown critical contributions of ROCK1 in the pathogenesis of heart failure ( Fig. 1) , representing an important advance in our understanding in ROCK1 isoform biology. These findings also highlight gaps in our understanding of ROCK2 isoform biology in pathologic cardiac hypertrophy and remodeling. The aforementioned studies did not use ROCK2 -/-mice. The finding that ROCK1 is not required for the development of cardiac hypertrophy is in contrast to the observed antihypertrophic effects of ROCK inhibitors Y27632 and fasudil [26, 28, 35, 58] , suggesting that ROCK2 may play a dominant role in regulating hypertrophic response or that the antihypertrophic effects of ROCK inhibitors are not exclusively the result of ROCK inhibition.
The findings that deletion of ROCK1 reduced cardiac fibrosis and heart failure progression are consistent with the results derived from ROCK inhibitor studies and validate ROCK1 as a potential therapeutic target in limiting heart failure progression. These observations suggest that ROCK1 and ROCK2 may have nonredundant functions in pathologic hypertrophy, with ROCK1 perhaps involved in cardiac fibrosis and apoptosis and ROCK2 possibly involved in hypertrophy. However, whether these two ROCK isoforms are qualitatively different or whether their function differences are due to their different expression levels in individual cell or tissue types remains to be determined.
It is worth noting that in contrast to the observed effects in the heart, ROCK1 deletion did not prevent renal fibrosis induced by unilateral ureteral obstruction, suggesting that ROCK2 may regulate fibrosis in this renal fibrosis model [19] . Further studies with systemic and conditional ROCK2 knockout mice are needed to determine the contribution of ROCK2 to cardiac hypertrophy, fibrosis, apoptosis, and contraction.
ROCK in Other Pathologic Conditions
Homozygous and heterozygous ROCK1 and ROCK2 knockout mice have been used for examination of their contributions to several pathologic conditions in addition to cardiac hypertrophy and decompensation. For some diseases, such as glaucoma, both ROCK isoforms contribute to the regulation of intraocular pressure [76] . On the other hand, ROCK1 appears to play a predominant role in vascular inflammation diseases [48] .
In many studies, only one isoform has been investigated. For example, ROCK1-deficient mice exhibited systemic insulin resistance with impaired insulin signaling in skeletal muscle, suggesting that ROCK1 regulates glucose homeostasis and insulin sensitivity [37] . Moreover, ROCK1 deficiency resulted in increased recruitment and migration of macrophages and neutrophils in vitro and in vivo during acute inflammation through regulation of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) phosphorylation and stability [73] . In the study of Ongusaha et al. [51] , ROCK1 haplodeficient mice exhibited decreased ultraviolet (UV)-mediated activation of c-Jun N-terminal kinase (JNK) and apoptosis in keratinocytes through regulation of phosphorylation of JNK-interacting protein 3. Zhou et al. [82] showed that ROCK2 knockout mice have impaired spine morphology and synaptic function, supporting the conclusion that ROCK2/cofilin signaling is critical in the regulation of neuronal actin, spine properties, and synapse density. However, ROCK2-deficient mice have shown improved functional recovery after spinal cord injury, suggesting a role for ROCK2 in limiting axonal growth after trauma within the adult mouse spinal cord [17] . Although these studies suggest a major contributory role of one isoform to these pathophysiologic conditions, future studies are required to determine the contribution of another isoform.
Conclusions and Future Directions
Not only do ROCK1 and ROCK2 function in a redundant manner, they also have their own distinct roles in some tissues under certain pathophysiologic conditions. A number of factors could contribute to their distinct functions including the differences in their expression level, tissue distribution, subcellular localization, activation by upstream signals, and interaction with downstream molecules. Evidence from knockout mice and the experimental and clinical use of ROCK inhibitors support the conclusion that ROCK is a potential therapeutic target for many human diseases.
The use of more refined mouse models, including conditional and inducible deletion of ROCK1 and ROCK2, will lead to a deeper understanding of each isoform's relative importance in a disease context. As mentioned earlier, most published ROCK inhibitors are equally potent for both isoforms. Only one ROCK2-selective compound, SLx-2119, has been described [6] and currently is being tested in clinical trials. A further understanding of the physiologic and pathophysiologic roles of each ROCK Although ROCK1 is not required for the development of cardiomyocyte hypertrophy, it contributes to the pathologic remodeling events including cardiac fibrosis, cardiomyocyte apoptosis, and contractile dysfunction, leading to cardiac dilation, heart failure, and animal death. Moreover, ROCK1 appears to mediate impaired ERK-and Akt-dependent survival signaling, increased fibrogenic cytokines (TGFb2 and CTGF), and altered AC5/6 expression induced by hypertrophic stimuli. Further studies are needed to define the signaling pathways downstream of ROCK1 that are involved in regulating heart failure progression (broken lines)
isoform is much desired for a better evaluation of the beneficial and side effects of ROCK pan-inhibitors in animal and clinical studies and will be informative in efforts to generate new isoform-selective ROCK inhibitors.
